Introduction {#S0001}
============

Astrocytes are considered as a group of neural cells of ectodermal and neuroepithelial origin, which maintain homeostasis and provide for the defense of the central nervous system (CNS). When oxidative stress elicited by inflammatory reactions in the CNS, astroglia were suffered from a variety of harmful effects caused by the elevated levels of reactive oxygen species (ROS).[@CIT0001] In CNS, the nicotinamide adenine dinucleotide phosphate (NADPH) oxidase (NOX) is recognized as an enzymatic origin of ROS synthesis contributing to detrimental effects under various physio-pathological conditions.

Lipopolysaccharide (LPS), known as the main part of the outer membrane of Gram-negative bacteria, is the negatively charged glycolipid which provides the structural integrity and stabilization of the bacteria. LPS binds with the cluster of differentiation (CD)14/Toll-like receptor (TLR)4/lymphocyte antigen 96 (MD2) receptor complex to activate a series of signaling pathways in many types of cells, which in turn promotes the expression of inflammatory mediators. Recently, some reports have indicated that LPS participates in the pathogenesis of neurodegeneration.[@CIT0002] Several animal models of neurodegenerative disorders have shown that pure inflammation by LPS administration can induce nigrostriatal dopaminergic neurodegeneration[@CIT0003] or memory impairment for Alzheimer's disease (AD).[@CIT0004],[@CIT0005] The mechanisms underlying LPS-triggered neuronal death are mediated through TLR4 activating microglia and astrocytes, which induce the release of proinflammatory cytokines, chemokines, and complement system proteins. In turn, these proinflammatory mediators enhance ROS generation causing neuronal damage. Another study also proposed that LPS could be a risk factor of sporadic AD because Gram-negative Escherichia coli (E. coli) bacteria can form extracellular amyloid; blood levels of LPS are 3-fold in AD patients compared with control; microbes have been demonstrated in erythrocytes of AD patients; and LPS produces amyloid-like plaques in adult rat cortex.[@CIT0006] Growing evidence indicates that endotoxin stimulates tau and amyloid β (Aβ) aggregation, and colocalizes with Aβ1-40/42 in amyloid plaques and around vessels in AD brain,[@CIT0007] indicating that endotoxin synergies with various aggregable proteins to contribute to unique neurodegenerative diseases.[@CIT0008],[@CIT0010] On the other hand, several reports have revealed that LPS can trigger matrix metalloproteinase (MMP)-9 expression in numerous types of cells.[@CIT0011],[@CIT0012] Upregulation of MMP-9 can cause blood-brain barrier (BBB) damage leading to hemorrhagic transformation, neuronal damage, excitotoxicity, apoptosis as well as cerebral edema. Therefore, MMP-9 is well known as an important inflammatory factor involved in numerous neurodegenerative diseases such as AD, stroke, and multiple sclerosis.[@CIT0013],[@CIT0015] Although we have demonstrated that in RBA-1 cells, the TLR4/c-Src/Pyk2/PDGFR/PI3K/Akt/p38 MAPK and JNK1/2-dependent activation of AP-1 can mediate LPS-induced MMP-9 expression,[@CIT0011] whether alternative pathways such as NOX/ROS-dependent nuclear factor kappaB (NF-κB) were involved in LPS-induced responses were still unknown.

Pristimerin is one of the triterpenoids, which exhibits many pharmacological effects, such as anti-microbe, anti-peroxidation, anti-inflammation, and inhibiting tumor angiogenesis.[@CIT0016],[@CIT0018] Pristimerin can inhibit LPS-triggered neurotoxicity through attenuating interleukin-1 receptor-associated kinase (IRAK1)/TNF receptor-associated factor 6 (TRAF6)/TGF-β activating kinase 1 (TAK1)-mediated activator protein-1 (AP-1) and NF-κB signaling pathways in BV-2 microglial cells.[@CIT0017] Deng et al. also demonstrated that pristimerin significantly reduces the expression of pro-angiogenic factors in sera, including tumor necrosis factor (TNF)-α, angiopoietin-1 (Ang-1), and MMP-9 and angiogenesis in synovial membrane tissues of inflamed joints.[@CIT0016] Another study also showed that the administration of pristimerin significantly reduces the formation of MMP-9 and oxidative stress induced by doxorubicin through the inhibition of NF-κB signaling in cardiotoxicity model of rat.[@CIT0019] However, the mechanisms underlying the anti-inflammatory effects of pristimerin on MMP-9 expression remain unknown in RAB-1 cells.

In this study, we dissected the signaling components linking NF-κB activation induced by LPS to MMP-9 expression and the effects of pristimerin on LPS-mediated responses in RBA-1 cells. Our results demonstrated that NOXs/ROS generation-dependent activation of NF-κB mediates LPS-induced MMP-9 expression, leading to RBA-1 cell migration. Moreover, pristimerin inhibited MMP-9 expression associated with cell migration through attenuating NOXs/ROS-dependent NF-κB activation in RBA-1 cells challenged with LPS.

Materials and Methods {#S0002}
=====================

Antibodies and Inhibitors {#S0002-S2001}
-------------------------

Dulbecco's modified Eagle's medium (DMEM)/Ham's nutrient mixture F-12 (F-12), fetal bovine serum (FBS), and siRNAs for NF-κB p65 (RSS317830), NOX1 (RSS300165), NOX2 (RSS330363), and p47^phox^ (RSS300253) were purchased from Invitrogen (Carlsbad, CA, USA). Hybond C membrane and enhanced chemiluminescence (ECL) detection system were purchased from GE Healthcare Biosciences (Buckinghamshire, UK). Anti-phospho NF-κB p65 (Ser536, \#3033) and anti-NF-κB p65 (\#8242) antibodies were purchased from Cell Signaling (Danvers, MA, USA). Anti-glyceraldehyde-3-phosphate dehydrogenase (GAPDH) (\#MCA-ID4) was purchased from EnCor (Gainesville, FL). All primary antibodies were diluted at 1:1000 in phosphate-buffered saline (PBS) with 1% bovine serum albumin (BSA). H~2~DCFDA and dihydroethidium (DHE) were purchased from Thermo Fisher Scientific (Waltham, Massachusetts, USA). Apocynin (APO), diphenyleneiodonium (DPI), and Bay11-7082 were purchased from Biomol (Plymouth Meeting, PA, USA). Edaravone was purchased from Tocris Bioscience (Bristol, UK). Bicinchoninic acid (BCA) protein assay reagent was purchased from Pierce (Rockford, IL, USA). Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) reagents were purchased from MDBio Inc (Taipei, Taiwan). Dimethyl sulfoxide (DMSO), enzymes, TRIzol, \[2,3-bis-(2-methoxy-4-nitro-5-sulfophenyl)-2H-tetrazolium-5-carboxanilide\] (XTT) assay kit, and other chemicals were purchased from Sigma (St. Louis, MO, USA). Pristimerin was purchased from Cayman Chemicals (Ann Arbor, MI, USA)

Cell Culture and Treatment {#S0002-S2002}
--------------------------

In this study, RBA-1 cells were originated from primary cultured astrocytes of neonatal rat cerebrum and naturally developed through successive cell passages.[@CIT0011],[@CIT0020] The use of the cell lines had been approved by Chang Gung University Institutional Animal Care and Use Committee (IACUC Approval No.: CGU16-081). The anti-glial fibrillary acidic protein (GFAP) antibody, an astrocyte-specific marker, was used to assess the purity of cultured astrocytes. GFAP-positive astrocytes were shown over 95%. Cells from passages 4 to 35 were used throughout these experiments. An XTT assay was used to assay the cytotoxicity of LPS and pharmacological inhibitors at the incubation time, showing no significant effect on cell viability. The cells were plated on 6-well (2 mL/well) or 12-well (1 mL/well) culture plates. The cells were starved by incubation in serum-free DMEM/F-12 for 24 h, and then incubated with LPS at 37 °C for the indicated time intervals. Upon the inhibitors used, they were added 1 h prior to the exposure to LPS.

Protein Preparation and Western Blotting {#S0002-S2003}
----------------------------------------

The cells were washed with ice-cold PBS and added with SDS-loading buffer (0.1 M Tris-HCl of pH 6.8, 1% SDS, 5% glycerol, 2.5% β-mercaptoethanol, and 0.02% bromophenol blue). Proteins were separated by SDS-PAGE and transferred onto Hybond-C membranes. Protein level was detected by primary antibodies diluted at 1:1000 in Tween-Tris-buffered saline (TTBS)[@CIT0011],[@CIT0021] and a secondary horseradish peroxidase-conjugated antibody diluted at 1:1500. An anti-GAPDH antibody was used as an internal control. The membranes were incubated with a secondary antibody for 1 h after washed with TTBS four times for 30 min each. Following incubation, the membranes were extensively washed with TTBS. The immunoreactive bands were detected by enhanced chemiluminescence (ECL) reagents and captured by a UVP BioSpectrum 500 Imaging System (Upland, CA, USA). The image densitometry analysis was conducted using UN-SCAN-IT gel software (Orem, UT, USA).

MMP Gelatin Zymography {#S0002-S2004}
----------------------

Growth-arrested cells were challenged by LPS for the indicated time intervals. The culture media were collected and centrifuged at 1000× g for 10 min at 4 °C to remove the cells and debris. Following centrifuging, the samples under non-reducing conditions were electrophoretically separated on 10% SDS-PAGE copolymerized with 1 mg/mL gelatin (Sigma-Aldrich, St. Louis, MS, USA), as described previously.[@CIT0011],[@CIT0021] To remove SDS, 2.5% Triton X-100 washed the gels twice; then the gels were incubated for 72 h with a developing buffer containing 50 mM Tris, 40 mM HCl, 200 mM NaCl, 5 mM CaCl~2~, and 0.02% Brij-35 at 37 °C. The gels were stained in 30% methanol, 10% acetic acid, and 0.5% w/v Coomassie Blue R-250 for 1 h, and followed by being de-stained to visualize the gelatinolytic bands (MMP-9) on a dark blue background. A mixed human MMP-2 and MMP-9 (Chemicon, Temecula CA, USA) was used for gelatinase standards. Because cleaved MMPs are not reliably detectable, only pro-form zymogens were quantified in this study.

Transient Transfection with siRNA {#S0002-S2005}
---------------------------------

As previously described,[@CIT0011] 2 × 10^5^ RBA-1 cells/mL were plated onto 6-well plates. While cells were reaching about 70% confluence, cells were washed once with PBS and incubated with 1 mL/well of DMEM/F-12 with 5% FBS before transfection. Genmute transfection reagent (SignaGen Laboratories, Rockville, MD, USA) was used to carry out the transient transfection of siRNA. The transfection reagent complexes contained siRNA with a final concentration of 50 nM were added to each well and then incubated at 37 °C for 5 h. The cells were incubated with fresh DMEM/F-12 with 5% FBS for an additional 8 h. The cells were washed twice with PBS and then maintained in serum-free DMEM/F-12 for 16 h, and then challenged with LPS.

Total RNA Extraction and Real-Time PCR Analysis {#S0002-S2006}
-----------------------------------------------

Total RNA was extracted from RBA-1 cells, as previously described.[@CIT0011],[@CIT0021] mRNA was reverse-transcribed into cDNA and analyzed by real-time quantitative PCR (RT-qPCR). Based on Genbank entries for rat MMP-9 and GAPDH, the oligonucleotide primers were designed. The following primers were used for amplification reaction:

MMP-9:

5′-AGTTTGGTGTCGCGGAGCAC-3′ (sense);

5′-TACATGAGCGCTTCCGGCAC-3′ (antisense);

5′-CGCTCTGCATTTCTTCAAGGACGGT-3′-tetramethylrhodamine (TAMRA, Probe)

GAPDH:

5′-(AACTTTGGCATCGTGGAAGG)-3′ (sense);

5′-(GTGGATGCAGGGATGATGTTC)-3′ (antisense);

5′- TGACCACAGTCCATGCCATCACTGC-3′-TAMRA (Probe).

RT-qPCR was performed with a StepOnePlusTM Real-Time PCR System (ThermoScientific-Applied Biosystems, San Mateo, CA, USA) and Kapa Probe Fast qPCR Kit Master Mix Universal (KK4705; KAPA Biosystems, Wilmington, MA, USA). The levels of MMP-9 expression were quantified by normalization to the GAPDH expression. Relative gene expression was determined by using the ΔΔCt method, where Ct = threshold cycle. All experiments were performed in triplicate.

Rat MMP-9 Promoter Reporter Gene Assay {#S0002-S2007}
--------------------------------------

The upstream region (−1280 to +108) of the rat MMP-9 promoter was cloned into pGL3-basic vector containing the luciferase reporter system.[@CIT0011],[@CIT0022] The constructs of MMP-9-luciferase and κB-luciferase (Clontech) were produced by QIAGEN plasmid DNA preparation kits. The construct was transfected into RBA-1 cells using a Lipofectamine reagent. For the control of transfection efficiencies, a pGal (a plasmid) encoding for β-galactosidase was used to transfect. The cells were incubated with LPS, collected, and disrupted by sonication in a lysis buffer (25 mM Tris-phosphate, pH 7.8, 2 mM EDTA, 1% Triton X-100, and 10% glycerol) to determine the promoter activity using a luciferase assay system (Abcam, Cambridge, United Kingdom). Finally, luciferase activities were standardized to β-gal activity.

Cell Migration Assay {#S0002-S2008}
--------------------

RBA-1 cells were plated onto 6-well culture plates to grow confluence and starved with serum-free DMEM/F-12 medium for 24 h. The cells were manually scratched a bright and clear field (about 2 mm) in the center of the monolayer cells each well, as previously described.[@CIT0011] The cells were washed once with PBS to remove the detached cells. Serum-free DMEM/F-12 medium with or without LPS (2 μg/mL) and the DNA synthesis inhibitor hydroxyurea (10 µM) was added to each dish during the period of observation as indicated after pretreatment with or without each inhibitor for 1 h. Migrating cells from the scratch boundary were observed under a light microscope and imaged with a digital camera (Olympus, Japan). The data demonstrated were summarized from three individual experiments.

Chromatin Immunoprecipitation (ChIP) Assay {#S0002-S2009}
------------------------------------------

Chromatin immunoprecipitation analysis was conducted to detect the association of nuclear proteins with rat MMP-9 promoter as previously described.[@CIT0011] Briefly, RBA-1 cells were cross-linked with 1% formaldehyde for 10 min at 37°C and then washed thrice with ice-cold PBS containing 1 mM phenylmethylsulfonyl fluoride (PMSF) and 1% aprotinin. The cell lysates were collected in a SDS-lysis buffer (1% SDS, 5mM EDTA, 1 mM PMSF, 50 mM Tris-HCl) and then sonicated at 4°C until the DNA size became 200--300 base pairs. The soluble chromatin was incubated with sheared salmon sperm DNA-protein agarose A to the preclear. One portion of the supernatant was used as a DNA input control, and the other was immunoprecipitated with an anti-p65 antibody and protein A beads. Following washing and elution, precipitates were heated at 65°C overnight to reverse the cross-linking of DNA and protein. DNA fragments were purified by phenol-chloroform extraction and ethanol precipitation. The purified DNA was subjected to PCR amplification using the primers specific for the region (−606 to −327, accession no. AF148065) containing the NF-κB binding elements located in the MMP-9 promoter region. The primers included a sense primer: 5′-AGAGCCTGCTCCCAGAGGGC-3′ and an antisense primer: 5′-GCCAAGTCAGGCA GGACCCC-3′. PCR fragments were analyzed by 3% agarose in 1× TAE gel containing ethidium bromide. The size (280 bp) of PCR products was ensured by comparing it with a molecular weight marker.

Immunofluorescence Staining {#S0002-S2010}
---------------------------

Growth-arrested cells were treated with LPS (2 μg/mL) for the indicated time intervals. After washing twice with ice-cold PBS, cells were fixed, permeabilized, stained using anti-p65 antibodies (1:200 dilutions) and 4ʹ,6-diamidino-2-phenylindole (DAPI), and finally mounted as previously described.[@CIT0023] The images were observed with a fluorescence microscope (Zeiss, Axiovert 200 M).

Measurement of Intracellular ROS Accumulation {#S0002-S2011}
---------------------------------------------

The fluorescence of H~2~DCF-DA and DHE was used to determine the levels of intracellular H~2~O~2~ and O~2~^−^. Six-well culture plates with coverslips were used in these experiments. The growth-arrested cells were challenged with LPS with/without pretreatment with inhibitors or pristimerin for the indicated time intervals (5, 10, and 30 min). For H~2~DCF-DA staining, the cells were incubated in PBS containing 10 μM H~2~DCF-DA at 37°C for 30 min, washed twice with warm PBS, incubated in fresh medium, and then observed using a fluorescence microscope (Zeiss, Axiovert 200M). In addition, the cells were incubated with DHE at a final concentration of 5 μM for 30 min at 37°C. Subsequently, the cells were washed out three times with PBS to remove DHE and replaced with the fresh medium. Following cells washed, a fluorescence microscope was used to observe the resulting fluorescence.

Statistical Analysis of Data {#S0002-S2012}
----------------------------

A GraphPad Prism Program (GraphPad, San Diego, CA, USA) was used to estimate all the data. Data were expressed as the mean ± SEM and analyzed by one-way analysis of variance (ANOVA) followed by Tukey's post hoc test. p \< 0.01 was considered significant.

Results {#S0003}
=======

LPS-Induced MMP-9 Expression and Cell Migration Are Mediated Through ROS Generation {#S0003-S2001}
-----------------------------------------------------------------------------------

ROS are recognized as important signaling components in the regulation of inflammatory responses.[@CIT0001] Several pieces of research have demonstrated that ROS have pivotal roles in neuroinflammation including LPS-triggered responses.[@CIT0024],[@CIT0026] First, we explored the function of ROS in LPS-induced MMP-9 expression. Edaravone, known to be an antioxidant, was used for this purpose. We found that pretreatment with edaravone (1, 10, and 30 μM) dose-dependently inhibited LPS-induced MMP-9 expression in RBA-1 cells ([Figure 1A](#F0001){ref-type="fig"}). The levels of promoter activity and MMP-9 mRNA induced by LPS were also attenuated by pretreatment with edaravone (30 μM) ([Figure 1B](#F0001){ref-type="fig"}). To determine whether ROS generation was required for the LPS-induced MMP-9 expression, we observed that LPS stimulated ROS generation in a time-dependent manner ([Figure 1C](#F0001){ref-type="fig"}), which was attenuated by pretreatment of RBA-1 cells with edaravone ([Figure 1D](#F0001){ref-type="fig"}), revealed by DCFH-DA or dihydroethidium (DHE) staining. Finally, pretreatment with 30 μM edaravone blocked the upregulation of MMP-9-mediated cell migration in RBA-1 cells triggered by LPS ([Figure 1E](#F0001){ref-type="fig"}). These results indicated that ROS participates in LPS-mediated MMP-9 expression and cell migration in RBA-1 cells.Figure 1Reactive oxygen species (ROS) are involved in lipopolysaccharide (LPS)-induced MMP-9 expression and cell migration in RBA-1 cells. (**A**) Cells were pretreated with edaravone (1, 10, and 30 μM) for 1 h and then stimulated with LPS (2 μg/mL) for 24 h. The levels of MMP-9 were examined by gelatin zymography. The GAPDH level of cell lysates was assayed by Western blot. (**B**) Cells were pretreated with edaravone (30 μM) for 1 h and then incubated with LPS (2 μg/mL) of 4 h for mRNA expression or 6 h for promoter activity. The mRNA expression and promoter activity of MMP-9 were determined by real-time PCR and promoter assay, respectively. (**C**) Cells were incubated with LPS (2 μg/mL) for the indicated time intervals (5, 10, and 30 min). Then, the fluorescence intensity of DCFH-DA or DHE staining was detected by a fluorescence microscope. The figure represents one of three individual experiments. Scale bar = 50 µm. (**D**) Cells were pretreated with or without edaravone (30 µM) for 1 h and then incubated with LPS (2 μg/mL) for 10 min. The fluorescence intensity of DCFH-DA or DHE staining was detected by a fluorescence microscope. The figure represents one of three individual experiments. Scale bar = 50 µm. (**E**) Cells were pretreated with or without edaravone (30 μM) for 1 h and then incubated with LPS (2 μg/mL) for 48 h. The number of cell migration was determined (magnification = 40×). Data are expressed as mean ± SEM of three independent experiments. \# p \< 0.01 as compared with the cells exposed to vehicle or LPS, as indicated.**Abbreviation:** GAPDH, glyceraldehyde 3-phosphate dehydrogenase.

NADPH Oxidase Is Involved in MMP-9 Expression and Cell Migration Induced by LPS {#S0003-S2002}
-------------------------------------------------------------------------------

Several studies have demonstrated that LPS-mediated MMP-9 expression is mediated through NOX1 and NOX2 activity.[@CIT0024],[@CIT0027],[@CIT0028] NOX is the major source for ROS generation which acts as second messengers to stimulate the expression of inflammatory proteins. p47^Phox^ has been shown to be a key player for the NOX activation and ROS generation. To investigate the role of p47^Phox^ in the LPS-mediated responses, an inhibitor of p47^Phox^ apocynin (APO) was used in these experiments. We found that pretreatment with APO attenuated the LPS-induced MMP-9 protein in a concentration-dependent manner in RBA-1 cells ([Figure 2A](#F0002){ref-type="fig"}). The levels of LPS-induced MMP-9 mRNA and promoter activity were also inhibited by pretreatment with APO ([Figure 2B](#F0002){ref-type="fig"}). To determine whether p47^Phox^ was directly involved in ROS generation, we observed that the LPS-stimulated ROS generation was inhibited by pretreatment with APO, as shown in staining with either H~2~DCF-DA or DHE ([Figure 2C](#F0002){ref-type="fig"}). To verify the role of p47^Phox^ in LPS-induced responses, transfection of RBA-1 cells with p47^Phox^ siRNA knocked down the level of p47^Phox^ protein which caused the LPS-induced MMP-9 expression attenuated ([Figure 2D](#F0002){ref-type="fig"}). Moreover, pretreatment with APO or transfection with p47^Phox^ siRNA attenuated LPS-mediated cell migration ([Figure 2E](#F0002){ref-type="fig"}). These results suggested that p47^Phox^-dependent ROS generation mediates LPS-induced MMP-9 expression and cell migration in RBA-1 cells.Figure 2P47*^phox^* is involved in lipopolysaccharide (LPS)-induced MMP-9 expression and cell migration in RBA-1 cells. (**A**) Cells were pretreated with apocynin (APO; 1, 10, and 30 μM) for 1 h and then incubated with LPS (2 μg/mL) for 24 h. The levels of MMP-9 were examined by gelatin zymography. The GAPDH level of cell lysates was assayed by Western blot. (**B**) Cells were pretreated with APO (30 μM) for 1 h and then incubated with LPS (2 μg/mL) of 4 h for mRNA expression or 6 h for promoter activity. The mRNA expression and promoter activity of MMP-9 were determined by real-time PCR and promoter assay, respectively. (**C**) Cells were pretreated with or without APO (30 µM) for 1 h and then incubated with LPS (2 μg/mL) for 10 min. The fluorescence intensity of DCFH-DA or DHE staining was detected by a fluorescence microscope. The figure represents one of three individual experiments. Scale bar = 50 µm. (**D**) Cells were individually transfected with scrambled (Scrb) or p47^phox^ siRNA and then incubated with LPS (2 μg/mL) for 24 h. The medium and cell lysates were collected to determine the levels of MMP-9 by gelatin zymography and the levels of GAPDH and p47^phox^ by Western blot, respectively. (**E**) Cells were pretreated with or without APO (30 μM) for 1 h (left panel), and transfected with Scrb or p47*^phox^* siRNA (right panel) and then incubated with LPS (2 μg/mL) for 48 h. The number of cell migration was determined (magnification = 40×). Data are expressed as mean ± SEM of three independent experiments. \# p \< 0.01 as compared with the cells exposed to vehicle or LPS, as indicated.

Further, we explored the role of NOX in LPS-induced ROS generation and MMP-9 expression. We found that pretreatment of RBA-1 cells with an inhibitor of NOX, diphenyleneiodonium (DPI), attenuated the LPS-induced MMP-9 protein ([Figure 3A](#F0003){ref-type="fig"}), mRNA, and promoter activity ([Figure 3B](#F0003){ref-type="fig"}). Moreover, it is well known that NOX plays a pivotally enzymatic resource of ROS generation. To investigate whether LPS-induced ROS generation was directly mediated through activated NOX, we observed that pretreatment with DPI attenuated LPS-enhanced ROS generation, determined by staining with either DCFH-DA or DHE ([Figure 3C](#F0003){ref-type="fig"}). These results suggested that NOX-dependent ROS generation can mediate LPS-induced MMP-9 expression in RBA-1 cells. NOX1 and 2 have been shown to express on RBA-1 cells.[@CIT0029] Thus, we further ensured whether NOX1 and 2 participated in the LPS-induced MMP-9 expression. We observed that transfection with either NOX1 or NOX2 siRNA knocked down the level of NOX1 or NOX2 which caused the LPS-induced MMP-9 expression attenuated ([Figure 3D](#F0003){ref-type="fig"}). Further, pretreatment with DPI ([Figure 3E](#F0003){ref-type="fig"}, left) or transfection with either NOX1 or NOX2 siRNA ([Figure 3E](#F0003){ref-type="fig"}, right) attenuated the upregulation of MMP-9 and cell migration induced by LPS. These results suggested that either NOX1 or NOX2 is involved in the LPS-mediated MMP-9 expression and cell migration in RBA-1 cells.Figure 3Nicotinamide adenine dinucleotide phosphate (NADPH) oxidase (NOX) is involved in lipopolysaccharide (LPS)-induced MMP-9 expression and cell migration in RBA-1 cells. (**A**) Cells were pretreated with diphenyleneiodonium (DPI; 0.1, 1, and 10 μM) for 1 h and then stimulated with LPS (2 μg/mL) for 24 h. The levels of MMP-9 were examined by gelatin zymography. The GAPDH level of cell lysates was assayed by Western blot. (**B**) Cells were pretreated with DPI (10 μM) for 1 h and then incubated with LPS (2 μg/mL) of 4 h for mRNA expression or 6 h for promoter activity. The mRNA expression and promoter activity of MMP-9 were determined by real-time PCR and promoter assay, respectively. (**C**) Cells were pretreated with or without DPI (10 µM) for 1 h and then incubated with LPS (2 μg/mL) for 10 min. The fluorescence intensity of DCFH-DA or DHE staining was detected by a fluorescence microscope. The figure represents one of three individual experiments. Scale bar = 50 µm. (**D**) Cells were transfected with scrambled (Scrb), NOX1 or NOX2 siRNA and then incubated with LPS (2 μg/mL) for 24 h. The medium and cell lysates were collected to determine the levels of MMP-9 by gelatin zymography and the levels of GAPDH, NOX1, and NOX2 by Western blot, respectively. (**E**) Cells were pretreated with or without DPI (10 μM) for 1 h, or transfected with Scrb, NOX1 or NOX2 siRNA and then incubated with LPS (2 μg/mL) for 48 h. The number of cell migration was determined (magnification = 40×). Data are expressed as mean ± SEM of three independent experiments. \# p \< 0.01 as compared with the cells exposed to vehicle or LPS, as indicated.

LPS-Induced MMP-9 Expression Is Mediated via NF-κB P65 Signaling {#S0003-S2003}
----------------------------------------------------------------

NF-κB plays a pivotal role in MMP-9 expression in various types of cells through interaction with the promoter region of MMP-9.[@CIT0030] Thus, in RBA-1 cells, we evaluated the role of NF-κB in the LPS-mediated MMP-9 expression. First, we found that pretreatment of RBA-1 cells with Bay11-7082 (0.01, 0.1, and 1 μM) inhibited the LPS-induced MMP-9 expression in a dose-dependent manner ([Figure 4A](#F0004){ref-type="fig"}). Pretreatment with Bay11-7082 (1 μM) also inhibited the levels of MMP-9 mRNA and promoter activity in these cells ([Figure 4B](#F0004){ref-type="fig"}). To verify the role of NF-κB in MMP-9 expression, as shown in [Figure 4C](#F0004){ref-type="fig"}, the LPS-induced MMP-9 expression was inhibited by transfection with NF-κB p65 siRNA knocking down the level of NF-κB p65 protein in RBA-1 cells. Moreover, pretreatment with Bay11-7082 blocked cell migration of RBA-1 triggered by LPS ([Figure 4D](#F0004){ref-type="fig"}). These results suggested that NF-κB is involved in the LPS-mediated MMP-9 expression and cell migration in RBA-1 cells.Figure 4Nuclear factor-kappa B (NF-κB) is necessary for LPS-induced MMP-9 expression and cell migration in RBA-1 cells. (**A**) Cells were pretreated with Bay11-7082 (0.01, 0.1, and 1 μM) for 1 h and then incubated with LPS (2 μg/mL) for 24 h. The levels of MMP-9 were determined by gelatin zymography. The GAPDH level of cell lysates was assayed by Western blot. (**B**) Cells were pretreated with Bay11-7082 (1 μM) for 1 h and then incubated with LPS (2 μg/mL) of 4 h for mRNA expression or 6 h for promoter activity. The mRNA expression and promoter activity of MMP-9 were determined by real-time PCR and promoter assay, respectively. (**C**) Cells were transfected with Scrb or NF-κB p65 siRNA and then incubated with LPS (2 μg/mL) for 24 h. The medium and cell lysates were collected to determine the levels of MMP-9 by gelatin zymography and the levels of GAPDH and NF-κB p65 by Western blot, respectively. (**D**) Cells were pretreated with Bay11-7082 (1 μM) for 1 h and then incubated with LPS (2 μg/mL) for 48 h. The number of cell migration was determined (magnification = 40×). (**E**) Cells were individually pretreated with or without Bay11-7082 (1 μM), DPI (10 μM), or APO (30 μM) for 1 h and then challenged with LPS (2 μg/mL) for the indicated time intervals (0, 10, 30, and 45 min). The phosphorylation of NF-κB p65 was determined by Western blot. Total NF-κB p65 was analyzed by Western blot used for loading controls. (**F**) Cells were incubated with LPS (2 μg/mL) for indicated time intervals (0, 1, 2, 3, 4, and 6 h) (left panel) or pretreated with or without APO (30 μM), DPI (10 μM), Edaravone (10 μM), or Bay11-7082 (1 μM) for 1 h and then incubated with LPS (2 μg/mL) for 4 h (right panel). NF-κB promoter luciferase activity was detected. Data are expressed as mean ± SEM of three independent experiments. \# p \< 0.01 as compared with the cells exposed to vehicle or LPS, as indicated.**Abbreviations:** Eda, edaravone; Bay, Bay11-7082.

Next, we explored whether NOS/ROS were upstream signaling molecules of NF-κB p65 in the LPS-mediated signaling pathway. As shown in [Figure 4E](#F0004){ref-type="fig"}, we demonstrated that LPS stimulated phosphorylation of NF-κB p65 in a time-dependently manner, which was inhibited by pretreatment with Bay11-7082 (1 μM), DPI (10 μM), or APO (30 μM) . Moreover, LPS time-dependently stimulated NF-κB promoter activity ([Figure 4F](#F0004){ref-type="fig"}, left panel) which was also attenuated by pretreatment with APO (30 μM), DPI (10 μM), Edaravone (10 μM), or Bay11-7082 (1 μM) ([Figure 4F](#F0004){ref-type="fig"}, right panel). Finally, we evaluated the binding activity between NF-κB p65 and MMP-9 promoter sequence using a ChIP assay. As shown in [Figure 5A](#F0005){ref-type="fig"}, LPS enhanced the binding activity between NF-κB p65 and MMP-9 promoter region in a time-dependent manner (left panel), which was attenuated by pretreatment with Bay11-7082 (1 μM), APO (30 μM), DPI (10 μM), or Edaravone (30 μM) (right panel). Upon activation of NF-κB by various stimuli, NF-κB p65 released from IκB complex and translocated into the nucleus, leading to transcription reaction and enhancing the gene expression. As shown in [Figure 5B](#F0005){ref-type="fig"}, LPS stimulated NF-κB p65 translocation into the nucleus in a time-dependent manner (left panel), observed by immunofluorescence staining. We further verified whether NOS/ROS regulated the translocation of NF-κB p65 into the nucleus. We observed that the nuclear translocation of NF-κB p65 was blocked by pretreatment with Bay11-7082 (1 μM), DPI (10 μM), APO (30 μM), or edaravone (30 μM) (right panel). These results indicated that the NOX/ROS-dependent NF-κB activation mediates LPS-induced MMP-9 expression and cell migration in RBA-1 cells.Figure 5NF-κB p65 nuclear translocation and binding with MMP-9 promoter element are involved in LPS-induced responses in RBA-1 cells. (**A**) Cells were incubated with LPS (2 μg/mL) for the indicated time intervals (0, 10, 30, and 60 min) (left panel). Cells were pretreated with or without APO (30 μM), DPI (10 μM), Edaravone (30 μM), or Bay11-7082 (1 μM) for 1 h and then incubated with LPS (2 μg/mL) for 30 min (right panel). The levels of NF-κB p65 binding to the MMP-9 promoter element were determined by a chromatin immunoprecipitation (ChIP) assay. (**B**) Cells were incubated with LPS (2 μg/mL) for the indicated time intervals (0, 10, 15, 30, 45, and 60 min). Cells were pretreated with or without APO (30 μM), DPI (10 μM), Edaravone (30 μM), or Bay11-7082 (1 μM) for 1 h and then incubated with LPS (2 μg/mL) for 45 min. The NF-κB p65 nuclear translocation was determined by immunofluorescence staining. The figure represents one of three individual experiments. Scale bar represents 50 µm. Data are expressed as mean ± SEM of three independent experiments. \# p \< 0.01 as compared with the cells exposed to vehicle or LPS, as indicated.

Pristimerin Inhibits LPS-Induced ROS Generation, MMP-9 Expression, and Cell Migration {#S0003-S2004}
-------------------------------------------------------------------------------------

Pristimerin is one of the triterpenoid compounds. Several lines of literature have reported that pristimerin has anti-inflammation, anti-oxidative stress, and anti-tumorigenesis effects in various types of cells.[@CIT0016],[@CIT0018] However, whether pristimerin exerted the effects on neuroinflammation is still unknown. First, we checked the cell viability of RBA-1 cells exposed to pristimerin with various concentrations for 24 h. Pristimerin had no significant effect on cell viability except the dose of 1 μM ([Figure 6A](#F0006){ref-type="fig"}). Thus, the concentration of pristimerin used in this study was not higher than 0.5 μM. Next, we explored whether pristimerin inhibited the LPS-stimulated ROS generation. The results showed that pretreatment with pristimerin attenuated the LPS-stimulated ROS generation determined by staining with DCFH-DA or DHC in RBA-1 cells ([Figure 6B](#F0006){ref-type="fig"}). Then, we evaluated the effects of pristimerin on the LPS-mediated MMP-9 expression in RBA-1 cells. We found that pretreatment with pristimerin attenuated the LPS-induced MMP-9 expression in a concentration-dependent manner ([Figure 6C](#F0006){ref-type="fig"}). Pristimerin also inhibited MMP-9 mRNA expression ([Figure 6D](#F0006){ref-type="fig"}) and promoter activity ([Figure 6E](#F0006){ref-type="fig"}) induced by LPS in RBA-1 cells. Further, pretreatment with pristimerin also inhibited cell migration of RBA-1 cells challenged with LPS ([Figure 6F](#F0006){ref-type="fig"}). These results indicated that pristimerin could potentially inhibit ROS-dependent MMP-9 expression and cell migration in RBA-1 cells challenged with LPS.Figure 6Pristimerin attenuates ROS generation, proMMP-9 expression, and cell migration induced by LPS in RBA-1 cells. (**A**) The cells were incubated with various concentrations of pristimerin (1, 0.5, 0.3, 0.1 μM) for 24 h and then cell viability was measured by an XTT assay kit. (**B**) Cells were pretreated with or without pristimerin (0.5 µM) for 1 h and then incubated with LPS (2 μg/mL) for 10 min. The fluorescence intensity of DCFH-DA or DHE staining was detected by a fluorescence microscope. The figure represents one of three individual experiments. Scale bar represents 50 µm. (**C**) Cells were pretreated with or without pristimerin (0.1, 0.3, and 0.5 µM) for 1 h and then exposed to LPS (2 μg/mL) for the indicated time intervals (12 and 24 h). The MMP-9 level was determined by gelatin zymography. The GAPDH level of cell lysates was assayed by Western blot. (**D, E**) Cells were pretreated with or without pristimerin (0.1, 0.3, and 0.5 μΜ for mRNA expression; 0.5 μΜ for promoter activity) for 1 h and then incubated with LPS (2 μg/mL) of 4 h for mRNA expression or 6 h for promoter activity. The mRNA expression (**D**) and promoter activity (**E**) of MMP-9 were determined by real-time PCR and promoter assay, respectively. (**F**) Cells were pretreated with or without pristimerin (0.5 μM) for 1 h and then incubated with LPS (2 μg/mL) for 48 h. The number of cell migration was determined (magnification = 40×). Data are expressed as mean ± SEM of three independent experiments. \# p \< 0.01 as compared with the cells exposed to vehicle or LPS, as indicated.**Abbreviations:** XTT, 2,3-bis-(2-methoxy-4-nitro-5-sulfophenyl)-2H-tetrazolium-5-carboxanilide; PTM, pristimerin.

Pristimerin Attenuates LPS-Mediated NF-κB Activities {#S0003-S2005}
----------------------------------------------------

According to our present data in RBA-1 cells, we revealed that NF-κB is involved in the LPS-mediated MMP-9 expression. Thus, we evaluated the effects of pristimerin on NF-κB activation in the LPS-challenged RBA-1 cells. First, we found that pretreatment with pristimerin inhibited phosphorylation of NF-κB p65 ([Figure 7A](#F0007){ref-type="fig"}) and promoter activity ([Figure 7B](#F0007){ref-type="fig"}) in RBA-1 cells stimulated by LPS. The nuclear translocation of activated NF-κB p65 was also attenuated by pretreatment with pristimerin, observed by immunofluorescence staining ([Figure 7C](#F0007){ref-type="fig"}). Further, we investigated whether pristimerin attenuated the NF-κB p65 binding with the MMP-9 promoter region. As shown in [Figure 7D](#F0007){ref-type="fig"}, pretreatment with pristimerin blocked NF-κB p65 binding to the promoter sequence of MMP-9 in RBA-1 cells stimulated by LPS. These results indicated that pristimerin attenuated LPS-induced MMP-9 expression, at least in part, through decreased NF-κB activity in RBA-1 cells.Figure 7Pristimerin attenuates LPS-induced NF-κB activity in RBA-1 cells. (**A**) Cells were pretreated with or without pristimerin (0.5 µM) for 1 h and then incubated with LPS (2 µg/mL) for the indicated time intervals (10, 30, and 45 min). The phosphorylation of NF-κB p65 was detected by Western blot. (**B**) Cells were pretreated with or without pristimerin (0.5 µM) and then incubated with LPS (2 μg/mL) for 4 h. NF-κB promoter luciferase activity was detected. (**C**) Cells were pretreated with or without pristimerin (0.5 µM) for 1 h, and then the LPS-triggered NF-κB p65 nuclear translocation was determined by immunofluorescence staining. The figure represents one of three individual experiments. Scale bar represents 50 µm. (**D**) Cells were pretreated with or without pristimerin (0.5 µM) or Bay11-7082 (1 μM) for 1 h, and then the levels of NF-κB p65 binding with MMP-9 promoter element region triggered by LPS were determined by a ChIP assay. Data are expressed as mean ± SEM of three independent experiments. \# p \< 0.01 as compared with the cells exposed to vehicle or LPS, as indicated.

Discussion {#S0004}
==========

In this study, we used pharmacological inhibitors and siRNA transfection to prove that the NADPH oxidase/ROS signaling pathway has a role in LPS-induced MMP-9 expression in RBA-1 cells. Moreover, the signaling conveyed into the nucleus that promoted the activation of transcription factors was defined by immunofluorescent staining and ChIP assay. These results showed that the ROS-dependent pathway contributed to LPS-mediated MMP-9 expression in RBA-1 cells. Furthermore, we also clarified that NOX is a crucial upstream component in regulating the ROS-dependent NF-κB activity in RBA-1 cells stimulated by LPS. These results suggested that in RBA-1 cells, pristimerin inhibits LPS-induced MMP-9 expression and cell migration via suppressing NOX/ROS-dependent NF-κB activation.

ROS have been reported to cause neuron damage and enhance inflammatory response in the CNS.[@CIT0001] Activated glia can produce a large amount of ROS.[@CIT0031] Several studies have revealed that various neurodegenerative disorders were associated with deleterious effects of ROS production out of control.[@CIT0001] NOX is a major resource of ROS production. It has been reported that ROS generated by NOX can lead to MMP-9 expression challenged with various stimuli, including in vivo and ex vivo studies.[@CIT0032],[@CIT0034] Our results of the present study showed that in RBA-1 cells, NOX-dependent ROS contributes to MMP-9 expression induced by LPS. Moreover, the results were confirmed by ChIP assay, pretreatment of APO, DPI, or edaravone can block the NF-κB p65 interaction with MMP-9 promoter element. It is consistent with previous reports.[@CIT0027] Moreover, several reports have shown that scavenging ROS is a candidate for managing neurodegenerative diseases.[@CIT0034],[@CIT0035] Triterpenoids have been found in a wide range of vegetable kingdom. This kind of compound has many effects on modulating cellular signaling networks including anti-oxidative stress. In this study, we hypothesized that pristimerin, one of the triterpenoids, has the effects on scavenging ROS in RBA-1 cells, according to previous literature.[@CIT0036] Indeed, our results have proved that in RBA-1 cells, pretreatment with pristimerin can scavenge the LPS-mediated ROS generation. Interestingly, some reports showed that pristimerin can induce ROS generation and lead to apoptosis and autophagy on various cancers.[@CIT0037],[@CIT0039] These opposite phenomena could result from different experimental conditions and cell types.

NK-κB is a transcription factor with a broad range of effects. Many stimuli such as infection, oxidized LDL, ultraviolet irradiation, heavy metals, free radicals, cytokines, and stress can trigger the activity of NF-κB and contribute to many pathological responses, such as neuroinflammation and neurodegeneration, and physical responses. There have been several reports indicating that NF-κB can modulate MMP-9 expression mediated by various stimuli including LPS.[@CIT0040],[@CIT0041] In this study, we also hypothesized that in RBA-1 cells, NF-κB was involved in LPS-mediated responses. We found that in RBA-1 cells, LPS can activate NF-κB activity through NOX/ROS signaling pathway to enhance MMP-9 expression. Moreover, our data of NF-κB p65 immunofluorescence staining also revealed that pretreatment of pristimerin can block NF-κB p65 translocation into the nucleus. The results were confirmed by ChIP assay. Pretreatment with pristimerin can block NF-κB p65 binding with promoter element. This can partially explain the effects of pristimerin on inhibiting LPS-mediated MMP-9 expression.

Hui et al. found that pristimerin inhibited LPS-triggered neurotoxicity through modulating JNK/AP-1 and NF-κB signaling pathways in BV-2 microglia cells.[@CIT0017] Another study found that pristimerin administration significantly reduced the formation of colonic tumors by decreasing the phosphorylation of AKT and FOXO3a.[@CIT0018] Deng et al. revealed that pristimerin inhibited VEGF-mediated angiogenesis was via the downregulation of VEGFR2-mediated p-AKT, p-ERK1/2, p-JNK, and p-p38.[@CIT0016] It is worth further evaluating the role of receptor tyrosine kinases (RTK), non-RTK, and downstream signaling components on the protective effects of pristimerin in the future. The present study has elucidated, at least partially, the mechanisms by which pristimerin attenuated the expression of inflammatory proteins on RBA-1 cells.

In summary, our results showed that in RBA-1 cells, LPS activated NOX leading to ROS generation, which phosphorylated NF-κB p65, as depicted in [Figure 8](#F0008){ref-type="fig"}. Then, p-NF-κB p65 was translocated into the nucleus and was recruited to the promoter region of MMP-9 which increased MMP-9 promoter activity and the expression of MMP-9 mRNA and protein. In turn, the RBA-1 cell migration was enhanced by LPS-mediated MMP-9 expression. Pretreatment with pristimerin inhibited NOX/ROS-dependent NF-κB activity, which attenuated MMP-9 expression and cell migration in RBA-1 cells challenged with LPS. Therefore, pristimerin can protect LPS-induced neuroinflammatory effects and is a candidate for treating neuroinflammatory and neurodegenerative diseases.Figure 8The schematic signaling pathways are involved in the effects of pristimerin on the LPS-induced MMP-9 expression in RBA-1 cells. Pristimerin blocks NADPH oxidase/ROS generation-dependent p65 nuclear translocation, ultimately leading to attenuating MMP-9 expression and RBA-1 cell migration. "→" means "activated"; "⊥" means "inhibited".

Conclusions {#S0005}
===========

Here, we verify that in RBA-1 cells, NOX/ROS-dependent NF-κB activity has an important role in LPS-induced MMP-9 expression and cell migration. Further, our results suggest that pristimerin can suppress MMP-9 induction and cell migration induced by LPS in vitro, and its underlying mechanisms are, at least partially, mediated through attenuating the ROS generation and phosphorylation of p65, ultimately lead to blocking p65 translocation, and attenuating NF-κB promoter activity. An advanced understanding of the mechanisms of LPS-mediated inflammatory response and the anti-inflammatory effects of pristimerin may promote the development of potential strategies for neurodegenerative and neuroinflammatory therapeutics.
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